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ABSTRACT
The main purpose of this work is the physical understanding and the numerical description
of the reaction of the dense metastable intermolecular composition (MIC). Energy density of
MIC is much higher than conventional energetic material; therefore, MIC finds more
applications in the propellant and explosive system. The physical model includes the speed of
propagation and rate of reaction, and the relationship between the layer thickness, heat rate, and
length of the flame based on physical model.
In Part I of this thesis, a one-dimensional model based on Weihs [1] was developed for 20
pairs of a multi-layer of aluminum and copper oxide. This problem was solved using an assumed
value of constant atomic diffusion in Arrhenius’ equation to obtain the velocity of selfpropagation. Using the maximum and minimum measured velocities in a similar configuration,
the activation energy was computed and was found to be significantly different. When the
velocity was used to obtain a linear temperature profile, the margin of error was significant as
well. Therefore, this method was seen to have severe shortcomings.
In Part II of this thesis, adiabatic unit cell of one layer of aluminum and copper oxide in an
ideal reaction was considered. Temperature profile based on chemical heat generation and phase
transformation of reactants has been calculated. This model confirmed the highest possible
temperature during reaction of 2920 C ± 5% obtained in the literature, however, the model was
unable to provide other important flame characteristics.
In Part III, a two-dimensional model was developed introducing the flame at the interface. A
black box theory has been used to simplify some of the characteristics of the flame, ignoring
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diffusion characteristics. Using this model, the length of flame was calculated using the
measured value of the speed of propagation of the flame. Measuring some of the characteristics
of the flame was the main goal of Part III of this thesis. Controllable environment was created for
the multilayer thin film of aluminum and copper oxide to eliminate the number of effective
variables that affect the speed of propagation. Transformable heat of reaction was used to control
the speed of propagation. In addition, a MIC sample was designed and fabricated to measure the
speed of propagation with an accuracy of 0.1 m/s. This measurement technique was used to
measure the speed of propagation on variable substrate up to 65 m/s. The flame length was also
calculated for different speeds of propagation over different substrates. The temperature
distribution on the substrate was calculated numerically. Significant improvements have been
made in Part III; however, this model does not provide concentration profiles.
For future work, a more complete two-dimensional physical model will be developed for
self-propagation reaction of multilayer thin film of aluminum and copper oxide based on thermal
transport and atomic diffusion. This two-dimensional model includes the reaction rate, speed of
propagation and the temperature profile. Since this model relies on a number of physical
variables that are as yet unknown, further work is warranted in this area to carry out a thorough
computational study.

iii

TABLE OF CONTENTS
LIST OF FIGURES ....................................................................................................................... vi
LIST OF TABLES........................................................................................................................ vii
LIST OF NOMENCLATURE..................................................................................................... viii
CHAPTER 1 INTRODUCTION ................................................................................................... 1
Motivation................................................................................................................................... 1
Main Objective............................................................................................................................ 2
Problem Statement ...................................................................................................................... 3
Literature Review........................................................................................................................ 6
Ball Milling................................................................................................................................. 7
Thin Film Reaction ..................................................................................................................... 8
Uncertainties in the Reaction of Aluminum and Copper Oxide ............................................... 11
Summary of Literature Search .................................................................................................. 12
CHAPTER 2 ONE-DIMENSIONAL MODEL OF THE EXOTHERMIC REACTIONIN
MULTILAYER FILMS................................................................................................................ 13
Analysis..................................................................................................................................... 14
Theory of Atomic Diffusion ..................................................................................................... 14
Sandwich Theory ...................................................................................................................... 15
Thermal Transport .................................................................................................................... 17
Velocity of Self-Propagation .................................................................................................... 18
Velocity of Self-Propagation CuOx and Al ............................................................................... 20
Activation Energy of Multilayer Thin Film of Aluminum and Copper Oxide......................... 20
Calculation of Activation Energy (E) ....................................................................................... 21
Reaction Rate Profile Based on a Single Pair of Al and CuO .................................................. 23
Temperature Profile .................................................................................................................. 24
Summary of the One-Dimensional Model................................................................................ 25
CHAPTER 3 PHASE TRANSFORMATION IN ADIABATIC UNIT CELL OF ALUMINUM
AND COPPER OXIDE ................................................................................................................ 26
Description of the Method ........................................................................................................ 27
Mass Conservation.................................................................................................................... 28
Mass Ratio of Reactants and Product ....................................................................................... 28
Energy Conservation................................................................................................................. 29
Energy Input (E IN ) and Output (E OUT) ................................................................................... 29
Energy Generation (E GEN)..................................................................................................... 30
Energy Stored (E Stored) ............................................................................................................. 30
Discussion ................................................................................................................................. 43
Summary of the Phase Transformation in an Adiabatic Cell ................................................... 45

iv

CHAPTER 4 EXPERIMENTAL AND NUMERICAL STUDY OF DENSE LAYERED
NANO-ENERGETIC MATERIALS............................................................................................ 46
Reaction Model and Mechanism .............................................................................................. 47
Laminar Flame .......................................................................................................................... 51
Physical Description ................................................................................................................. 51
Two Dimensional Temperature Distributions on Single Substrate .......................................... 53
Closed Form Solution ............................................................................................................... 55
Experimental Procedure............................................................................................................ 56
Measurement Techniques for Speed of Flame.......................................................................... 57
Effect of Single Substrate ......................................................................................................... 60
Numerical Procedure ................................................................................................................ 63
Governing Equation and Boundary Conditions........................................................................ 63
Explicit Method ........................................................................................................................ 64
Summary ................................................................................................................................... 69
CHAPTER 5 SUMMARY........................................................................................................... 70
Future Work .............................................................................................................................. 72
APPENDIX A PROPERTIES OF THE MATERIALS............................................................... 73
APPENDIX B GOVERNING EQUATIONS ............................................................................. 75
Governing Equation .................................................................................................................. 76
Mass Conservation.................................................................................................................... 76
Species Conservation ................................................................................................................ 76
Energy Conservation................................................................................................................. 78
REFERENCES ............................................................................................................................. 79

v

LIST OF FIGURES
Figure 1-1 : CuO/Al MIC Layers.................................................................................................... 4
Figure 2-1 : Ideal profile for Composition, C ............................................................................... 14
Figure 2-2 : Linear function of C.................................................................................................. 19
Figure 2-3 : Non-Linear Function of C......................................................................................... 19
Figure 2-4 : Thin film Al/ CuO..................................................................................................... 20
Figure 2-5 : Reaction Rate Profile as a Function of Thin Film, δ ................................................ 23
Figure 2-6 : Temperature Profile for one Pair Thin Film Al/CuO................................................ 24
Figure 3-1 : Section of Multilayer ................................................................................................ 27
Figure 3-2 : Unit Volume Cell ...................................................................................................... 28
Figure 3-3 : Mass of the Reactants and Products as a function of temperature............................ 42
Figure 3-4 : Temperature vs. %mass of the products ................................................................... 42
Figure 3-5 : Schematic of the Physical State of Reactants and Product in Different Range of
Temperature .................................................................................................................................. 43
Figure 3-6 : Scanning Electron Micrograph of Reacted Layered MIC [10]................................. 44
Figure 3-7 : Bright Field Transmission Electron Microscopy of the............................................ 44
Figure 4-1 : Idealize View of Layered MIC Reaction Propagation.............................................. 47
Figure 4-2 : Typical Axi-symmetric Flame .................................................................................. 49
Figure 4-3 : Steady State Temperature profile within flame ........................................................ 50
Figure 4-4 : Axisymmetric Velocity of the Flame........................................................................ 52
Figure 4-5 : Computational Dom.................................................................................................. 54
Figure 4-6 : Multilayer Al and CuO (MIC) .................................................................................. 57
Figure 4-7 : Configuration Set up for High Speed Measurement................................................. 58
Figure 4-8 : a) Example of electronic time of –flight measurement of reaction velocity for
layered Al/CuO MIC deposited on a substrate; b) Voltage gradient to obtain accurate
measurement of distance............................................................................................................... 59
Figure 4-9 : MIC Speed of flame (burn rate) as Function of Thermal Insulation Thickness of
SiO2 ............................................................................................................................................... 62
Figure 4-10 : Relative Error with respect to the number of elements........................................... 66
Figure 4-11.: Temperature distribution 100 nm below the heat source. Ω for this case was taken
to be 3 µm h is the SiO2 substrate thickness ................................................................................. 67
Figure 4-12 : Maximum temperature distributed on simple and composite Substrates for various
thicknesses .................................................................................................................................... 68

vi

LIST OF TABLES
Table 1-1 : Energetic Material Properties....................................................................................... 1
Table 2-1 : Fourier Coefficients.................................................................................................... 22
Table 3-1 : Six Different Stages for the Unit Cell Temperature................................................... 26
Table 3-2 : Products and Reactants after Step 1 ........................................................................... 31
Table 3-3 : Products and Reactants after Step 2 ........................................................................... 32
Table 3-4 : Products and Reactants after Step 3 ........................................................................... 33
Table 3-5 : Products and Reactants after Step 4 ........................................................................... 33
Table 3-6 : Products and Reactants after Step 5 ........................................................................... 34
Table 3-7 : Products and Reactants after Step 6 ........................................................................... 35
Table 3-8 : Products and Reactants after Step 7 ........................................................................... 36
Table 3-9 : Products and Reactants after Step 8 ........................................................................... 37
Table 3-10 : Products and Reactants after Step 9 ......................................................................... 38
Table 3-11 : Products and Reactants after Step 10 ....................................................................... 38
Table 3-12 : Products and Reactants after Step 11 ....................................................................... 39
Table 3-13 : Products and Reactants after Step 12 ...................................................................... 40
Table 3-14 : Summary of Products and Reactants after each Step ............................................... 41
Table 4-1 : Typical Speed of Flame in Lead and Lag Cases ........................................................ 60
Table 4-2 : Speed of Flame on Single and Composite Substrates ................................................ 61
Table A-1 : Physical Properties of Reactants and Product ........................................................... 74

vii

LIST OF NOMENCLATURE
α

Thermal Diffusivity

αn

Harmonic Mean Thermal Diffusion Coefficient

∆H

Energy Release of the Reaction

δ

Diffusion length ¼ of the Bi-Layer of Thin Film)

δ

Maximum Heat Penetration on Substrate

ρ

Density of the Mixture

λ

Thermal Diffusion Coefficient

ω

Length of Flame

A

Arrhenius Constant

C

Composition Profile

Cp

Specific Heat

D

Atomic Diffusion Coefficient

E

Activation Energy

h

Thickness of Silica on Composite Substrate

k

Thermal Conductivity

K0

Bessel function of the second kind

kn , αn Fourier Coefficients
ke

Harmonic Mean Thermal Conductivity

M

Molecular Mass of Elements

m

Mass of Reactants

q

Heat Flux

R

Ideal Gas Constant

SL

Regression Rate

T

Temperature

T0

Initial Temperature

Tf

Final Temperature

vx

Propagation Velocity of the Reaction in x Direction

viii

CHAPTER 1
INTRODUCTION

Motivation
The high capacity of Metastable Intermolecular Composites (MIC) in propellants and
explosives used by the US military are the main motivation of this study. Although traditional
energetic compounds based on organic materials have similar energy per unit weight, MIC
materials offer much higher energy density and capacity of the burn rate in comparison to the
organic materials. This field of study is relatively young, yet it is showing a great promise and
potential as an alternative substance for explosive and propellant systems. Energy density and
burn rate are the two main mechanical criteria for evaluation and comparisons of energetic
materials. Table 1.1 [2] shows energy per unit volume of traditional energetic materials in
comparison to MIC.
Table 1-1 : Energetic Material Properties
Energetic
Material
TNTi
RDXii
Al/CuO
Al/MoO3

Energy per unit
weight (kcal/gm)
-1.09
-1.51
-0.97
-1.12

Energy per unit
volume (kcal/cm3)1
-1.80
-2.73
-4.98
-4.28

Although many earlier studies have shown the burn rate of MIC to be much lower than
organic materials, a number of recent studies utilizing different technical processes and geometry
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100% of theoretical maximum density is assumed.
Values are in terms of heat of detonation, which is the change in enthalpy for the high order detonation. No
afterburning is considered.
ii
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of materials have improved the burn rate significantly [3-10]. These improvements have given
hope and motivation to continue the intensity of the exploration in order to create a unified,
consistent and predictable process. The challenge has been to theoretically explain the actual
physical results of the experiments and improvements. It has been shown that a positive
correlation exists between the geometry and deposition process of MIC and the burn rate.
Theoretical analysis and modeling of the physical results show a good reason for utilization of
MIC as an alternative energetic material for the explosive and propellant systems [10].
Upper limits for the burn rate of MIC materials have not been yet determined. There are a
number of reports for the propagation speed of dense MIC materials and none shows rates higher
than 20m/s [3,6,10]. In contrast, studies at the University of Central Florida have consistently
achieved a burn rate as high as 65 m/s experimentally for multilayer thin film of aluminum and
copper oxide. Higher burn rates may be achieved depending on the substrates used. Physical
mechanisms can explain the speed of propagation and rate of reaction and help define some of
the limitations and boundaries of the combustion process. It can also show better ways to process
the samples in thin film scale.
Main Objective
The main objective of this study is to describe the physical processes of self-propagating
reactions in multilayer thin films. A physical understanding of this process is the key point in
defining some of the unknown variables influencing the reaction. Physical mechanism will be
explained to understand the temperature distribution and speed of propagation and other effective
variables. Mathematical models will be developed to quantify the results of physical experiments.
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Standardized samples of MIC materials will be developed in order to measure and isolate the
influencing variables of the experiment [11-22].
Problem Statement
A simplified reaction model of a multiple layer of Metastable Intermolecular Composite
(MIC) of CuO and Al in on a standard substrate is proposed and will be solved in different stages.
Three stages of solution are proposed in increasing complexity, and their strengths and
shortcomings are discussed.
1) The specific objectives of the theoretical models and the experiment are as follows:
In Chapter 2, the model of Weihs’ [1] has been applied to 20 pairs of a multilayer of
aluminum and copper oxide. This problem is solved using an assumed value of constant
atomic diffusion in Arrhenius’ equation to obtain the velocity of self propagation. Using
the maximum and minimum measured velocities in a similar configuration, the activation
energy is computed.
2) In Chapter 3, phase transformation (melting and vaporization) of the reactants during the
reaction is considered. In this model, a single pair of aluminum and copper oxide layers
in an ideal reaction is considered. An attempt is made to show step by step reaction in the
adiabatic case of a standard layer of two materials. This study shows a number of phase
transformations during the reaction, which compounds the difficulty of explaining the
process through simple single-phase physical approach. While this model includes some
complexity, it removes the earlier complexity of using multiple layers. Temperature
profile based on chemical heat generation and phase transformation of reactants will be
calculated. This model can confirm the highest possible temperature during reaction of
3

2920oC ± 5% obtained in the literature. Various reference temperatures based on heat
generation and phase transformation have been calculated for aluminum, copper, copper
oxide and alumina. Modifying an existing model for the physical mechanism is the first
attempt to explain the reaction.
3) The model developed in Chapter 3 is unable to provide important reaction characteristics
such as burn rate, length of the flame and temperature profile. Therefore, in Chapter 4, a
two-dimensional model is developed introducing the combustion phenomena and flame
at the interface. A black box theory is used to simplify some of the characteristics of the
flame, ignoring diffusion. In order to solve this conduction problem, speed of propagation
is experimentally determined using a time-of-flight technique. Long strips of multilayer
of aluminum and copper oxide in thickness of 26 nm and 54 nm, respectively, have been
prepared by magnetron sputter deposition (Figure 1.1). Forty units of these strips forming
a total thickness of 3.2 µm were used as the standard multilayer thin film. The substrate
which is the main heat sink during the process has been changed based on the
experimental process.

Figure 1-1 : CuO/Al MIC Layers
Estimating the length of flame, the maximum temperature and the penetration depth in single
and composite substrates is calculated. Thus, a controlled environment is created for the
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multilayer thin film of aluminum and copper oxide to eliminate the number of effective variables
that affect the speed of propagation. The temperature distribution on the substrate is calculated
numerically.
A number of variables can affect the MIC reaction process. To measure some of the
characteristics and compare them, the number of variables should be reduced and isolated during
the experiment. To control the heat front, a heat sink also called substrate is used. A number of
materials with different thicknesses have been tested as a substrate for a standard thin film.
Speed of flame front is measured in each case. The theory of moving heat source over the solid is
used to model the process numerically. At this stage, linear heat sources are used as a simple
flame front for a composite substrate. Linear heat sources move at the speed of the flame front.
Heat that is generated at the interface on the thin film can be transferred to the substrate. A
governing equation is developed to show the relationship between penetration depth and relative
temperature. A numerical method is used to calculate the temperature profile based on the speed
of propagation.
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Literature Review
Combination reactions between chalcogen elements and metals are the most widely studied
mechanically induced self-sustaining reactions. Takacs [23] summarized the result of a series of
five papers by Chakurov and his collogues in 1980s, which represents the first results on selfsustaining reaction. Following these early studies, the field of mechanochemistry has had a rich
history, which has led to the use of ball mills for processing a wide range of materials, ranging
from minerals to advanced materials. Bakhshai et al. [24] used the ball milling method to
demonstrate self- propagated reaction of mixture of Cu2O and Al powders. Recently, the same
group [25] developed the same type of reaction between Al and CuO.
Combustible multilayer materials are introduced by depositing alternating layers of materials,
which react exothermically during thermally induced intermixing. Several research teams have
studied analytical and theoretical processes of various layers and have introduced the general
thermodynamic and kinetics of broad range of the thin film reactions.
The characterization of a self-propagating CuOx-Al in multilayer foil geometry was
investigated. Armstrong’s group [26-28] developed a model to find the heat rate of any possible
multilayer reaction. This was later used by the Weihs’ group. Based on the rate of reaction, a 1-D
model can be used to calculate the heat transfer of reaction.
The experimental results showed that the highly exothermic nature of reaction is only a
prerequisite for initiating combustion. Whether combustion takes place or not depends on the
dynamic state of the reaction system. The influence of the crystalline structures of the reactants
on the ignition of the combustion reactions instigated by high-energy ball milling is not always
predictable. The calculation of the results of some reactions may be different due to internal and
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external variables yet unknown. The factors influencing the outcome of the reaction and the
variables are being studied. In this section, aluminum and copper oxide in a multilayer thin film
and bulk reactions are discussed in detail as the selected, physical and numerical model; and also,
a number of other investigations are highlighted and are discussed briefly.
Ball Milling
Mechano-chemical process (MCP) uses mechanical energy to activate chemical reaction and
structural changes.

Mechanically activated processes date back to the early history of

humankind. The field of mechano-chemistry has had a rich history, particularly in Europe, which
has led to the use of ball milling for processing a wide range of materials, ranging from minerals
to advanced materials.
Self–propagating reaction was induced by ball milling in the mixture of Cu2O and Al powder.
Bakhshai et al. [24] presented the result of self–propagating reaction between Cu2O and Al. Zeck
et al. [25] continued the same type of reaction process with other materials. They investigated the
self-propagating reaction between CuO and Al and compared the two results.
Bakhshai, et al. [29] used the ball milling method to demonstrate self-propagated reaction of
mixture of Cu2O and Al powders. Ball milling has been used to induce chemical reaction and
alloying in variety of powder mixture. Three different reaction mechanisms have been observed.
1) In the case of the most exothermic condition, self-sustaining reaction is ignited in a few
seconds after starting the ball milling process. Ignition does not require any external
activation. The reaction self-propagates in the vial filled with large loose Al powder mass
and large ball mass.

7

2) If the reaction cannot ignite or propagate in loose powder a self-sustaining reaction is
ignited. After some activation time, the reaction starts in the powder layer covering the
milling bodies, and its propagation depends on the balance between the reaction heat and
heat transfer within the powder and from the powder to the environment.
3) Even if the reaction is exothermic enough to support a self-sustaining reaction, it may not
happen if the amount of powder is too small. Consequently, the relatively large heat loss
to the milling tools quenches any incipient reaction. In this case, a gradual mechanochemical reaction is observed as a result of prolonged milling.
Zeck et al. [25] used the ball milling method to demonstrate self-propagated reaction of the
mixture of CuO and Al powders. Self-propagating reaction of CuO and Al had been compared
with Cu2O and Al. All major components of their experiment were nearly similar.
Thin Film Reaction
Thin film reaction has increasingly played a main role in many of the new consumer
electronic devices such as storage media, read and write heads, and flat panel displays. Such a
remarkable array of applications has created a sense of excitement amongst the thin film
scientists and engineers. Specifically, MIC materials are potentially better alternatives than
organic materials for explosive and propellant systems. Michaelsent et al. [30] investigated the
thermodynamics and kinetics of thin film reactions by using differential scanning calorimetry of
several materials. The result of this research was published in 1997. Following that investigation
Weihs’ group [32-33] presented modeling and characterization of the propagation velocity of
exothermic reaction in multilayer foils. They studied the CuOx and Al reaction to identify the
path and reaction kinetics. Experimental evidence showed that in the first reaction, CuOx is
8

reduced to the mixture of CuO and Cu2O which coalesces with an interfacial layer of Al2O3.
They discovered two different paths of reaction in their studies and the results are as follows.
1) The exothermic reduction-oxidation reaction of CuOx and Al to form Cu and Al2O3 were
studied in multilayer foil. Using DTA, XRD, Auger depth profiling, and TEM, the
reaction path and kinetics of the two-step reaction were analyzed [31].
2) Based on their experimental results, they were able to identify likely rate determining
processes for each of the two reaction steps. In the first exothermic reaction, the lateral
growth of Al2O3 nuclei appears to control the rate of heat generation and, therefore, the
reaction rate. This reaction slows as nuclei impinge and end when a continuous layer has
formed. The activation energy for this step of the reaction was calculated to be 2.9eV.
Although CuO and Cu2O are also reduced in this exothermic reaction, resulting in the
formation of Cu layer, the heat generated is attributed to the formation of Al2O3 [31].
3) In the second stage of the CuOx /Al reaction, diffusion of oxygen through the Al2O3 most
likely controls the reaction rate in the first half of the exothermic reaction, and the heat
generated is attributed to thickening of Al2O3 layers [32]. The rate of the reaction in the
second half of the reaction, though, may also be limited by thickening of Cu product or
non-uniform reduction in oxygen source, CuOx.
4) Blobaum et al. [32] studied self-propagating formation reaction in multilayer foils and,
they investigated one of the applications in joining and ignition. This work involves the
multilayer foil reaction, which contains a reduction- oxidation thermite reaction between
CuOx and Al. We make the following observations and conclusions from their work.
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•

Thermite foils containing CuOx and Al were sputter-deposited in a multilayer
geometry [33]. The layered structure was confirmed using a variety of techniques
including auger depth profiling and different TEM methods. The crystal structure
of CuOx is that of paramelaconite, Cu4O3, and XPS confirms that the oxide is
indeed richer in copper than the CuO sputter target. Elemental maps show that
oxygen is dispersed homogeneously in the CuOx layer and, more importantly, that
the concentration from oxygen in the Al layers is minimal because only a
contribution from surface oxygen was detected. There is a narrow region at the
interface between the two layers, which was identified as amorphous and nano
crystalline Al2O3.

•

DTA showed that the CuOx/Al foils can react in highly exothermic manner, and
there are two major exotherms, which appear during heating. The total heat
released by the reaction is -3.9±0.9 kJ/g, which is similar to the heat of reaction
calculated for the reaction of CuO and Al. Additionally, the heat released during
the reaction is sufficient to permit the reaction to self- propagate along the foil at a
velocity of 1 m/s. Products of the self- propagation reaction indicate that the
reaction temperature of copper is 2846 K.

•

The deposition of these thermite reactants in a distinct layered geometry opens the
door for future research in reduction-oxidation mechanisms. Furthermore, the
development of the processing method for CuOx/Al foils and initial
characterization of the reactions suggest that these materials can be used as local
heat sources in a variety of joining applications.

10

Fischer and Grubelich [33] tabulated the experimental reference temperatures of the reaction
of aluminum and copper oxide. Based on these data, he proposed the energy release of the
reaction of aluminum and copper oxide to be 974.1cal/g.
Uncertainties in the Reaction of Aluminum and Copper Oxide
The influence of the crystalline structures of the CuO and Al on the ignition of the
combustion and high-energy released in short amount of time is always accompanied by a certain
amount of uncertainty amongst the path of reactions. Changing the path of reaction can change
the product, which affects the amount of energy released in the chemical function. There are
several studies show many other possibilities of reaction between CuO and Al. Three other
possible paths for copper oxide and aluminum have been determined [34-36] and are given
below.
1) The reduction reaction in the Al–10CuO mixed powders is induced by ball milling. CuO
is believed to be reduced gradually by Al, controlled by diffusion of the atoms and ions.
The reduced Cu metal reacts with Al spontaneously to form the metastable Al4Cu9 phase
during ball milling, instead of the CuAl2 phase, which is only observed after annealing.
2) A nanostructure Al–5CuO composite is obtained by hot pressing the mechanical alloy
powders under conditions of relatively low temperature and high pressure. The
reinforcements include CuAl2 with size of 100–500 nm and oxide, carbide with sizes of
10–50 nm. The analysis reveals that the crystalline size of the Al matrix is 73.6 nm on
average, which can be attributed to the retarding effects of the fine oxide on the grain
growth of the Al matrix. Meanwhile, the fine oxide and carbide in the composite also
promote the nucleation of CuAl2, thus inhibiting the solution of Cu in Al.
11

3) The nanostructure Al–5CuO composite possesses high yield strength both at ambient and
elevated temperatures. The fine grains of Al and the nano-sized oxide and carbide
particles contribute mainly to the increased strength of the composite [36]. This paper
investigated the type of crystal structure of product (FCC, BCC, HCP) can affect the total
energy released in the reaction. There are many other examples of variations in the path
and the results, and due to the nature of the variables, a certain amount of uncertainty is
always expected [36].
Summary of Literature Search
In this section, a review of previous studies of aluminum and copper oxide in bulk and thin
film geometry has been done. Most of the critical points of these studies are highlighted. Ball
milling, one of the traditional activation techniques, was discussed for the bulk reaction of
aluminum and copper oxide. There is evidence from the literature that thin films are a better and
more effective option to increase the rate of reaction. In the last portion of this section, some of
the unexpected chemical functions are briefly explained based on available information.
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CHAPTER 2
ONE-DIMENSIONAL MODEL OF THE EXOTHERMIC REACTIONIN
MULTILAYER FILMS

This chapter discusses the one-dimensional modeling and characterization of the propagation
velocity of the exothermic reaction in multilayer foils. Mann et al. [32] developed a new model
consisting of the so-called sandwich model of Armstrong and Koszykowski [26-28] by
characterizing the rate of reaction for any multilayer pair of thin films. The sandwich model has
a specific description for multilayer foils. Based on this description, the basic equation for atomic
diffusion, and the general equation for thermal transport, they calculated the equation of the
reaction rate of multilayer function.
The model, which was developed by [32], is the only classical approach for a multilayer
geometry in thin film. Their experimental results for Al/Ni, support this numerical model. The
physical model is explained below and two experimental values of the speed of propagation of
the Al-CuO film were compared with the model. The corresponding temperature profiles for the
two speeds are also compared.
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Analysis
Description of multilayer foils

Figure 2-1 : Ideal profile for Composition, C
Material A:

C=1

Material B:

C=-1

Between layers:

(2.1)

C=0

Theory of Atomic Diffusion
Basic Diffusion Function

dC
− ∇D(∇C ) = 0
dt

(2.2)
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Sandwich Theory

C is function of x, y, z, t and propagation in x direction
∂C
dC ∂C
+ VX
=
∂x
dt
∂t

(2.3)

3-D Equation for composition, C:

dC
− ∇D(∇C ) = [
dt

∂C
∂C
∂C
∂D( )
)
∂D( )
2
2
2
∂ C
∂y
∂x + D( ∂ C )] + [
∂z + D( ∂ C )]
(
)]
[
+
D
+
∂x
∂z
∂y
∂x 2
∂z 2
∂y 2

∂D(

(2.4)

Diffusion is neglected in y and z directions. Therefore,
∂C
)
∂ 2C
∂y
+ D( 2 ) = 0
∂x
∂x

∂D(

(2.5)

∂C
)
2
∂z + D( ∂ C ) = 0
∂z
∂z 2

∂D(

∂C
∂C
+ VX
+[
∂t
∂x

(2.6)

∂C
)
2
∂x + D( ∂ C )] = 0
∂y
∂y 2

∂D(

(2.7)

Arrhenius Relationship
D

λ

⎛ −E ⎞
⎜
⎟

(2.8)

= A ⋅ e⎝ RT ⎠

where,

λ = Thermal Diffusion Coefficient
D = Atomic Diffusion Coefficient
A = Arrhenius Constant

15

R = Ideal Gas Constant
E = Activation Energy
Substituting (2.8) in (2.7)

⎛ ⎛⎜ − E ⎞⎟ ⎞
∂⎜ e ⎝ RT ⎠ ⎟
⎛ −E ⎞
⎟ ∂C
⎜
2
⎜
⎟
1 ∂C V X ∂C
⎠
⎝
⎝ RT ⎠ ∂ C
=0
+ A.e
+ A.
+
λ ∂t
λ ∂x
∂y
∂t
∂y 2

(2.9)

Steady state
1 ∂C
=0
λ ∂t

(2.10)

Temperature is constant along the y direction

⎛ ⎛⎜ − E ⎞⎟ ⎞
∂ ⎜ e⎝ RT ⎠ ⎟
⎜
⎟
⎝
⎠ =0
∂y

(2.11)

Substituting (2.10) and( 2.11) in (2.9)

(2.12)

⎛ −E ⎞

⎜
⎟ ∂ 2C
V X ∂C
+ A.e ⎝ RT ⎠ 2 = 0
λ ∂x
∂y

F =

∫

x

e

(2.13)

⎛ −E ⎞
⎜
⎟
⎝ RT ⎠

(2.14)

−∞

Solving eq. (2.13) by separation of variables
⎛ −α n λAF ⎞
⎡
⎜
v x ⎟⎠ ⎤
C (F , y ) = ∑ ⎢k n . sin (α n y )e ⎝
⎥
n = odd ⎣
⎦

(2.15)

kn andα n are the Fourier coefficients and Eigen-values of the sine series for C0(y) in Figure 1,
and are given by:
16

α n = n π 2δ
kn = 1

(2.16)

2δ

2δ

∫C

0

( y ) sin(α n y )dy

(2.17)

− 2δ

Thermal Transport

General thermal equation

cp .ρ.

dT
dQ
− cp .ρ.λ.∇2T =
dt
dt

(2.18)

∂T
dT ∂T
+ vx
=
∂x
dt
∂t

(2.19)

For any chemical reaction
Q − Q0 = c P .ρ .(T f − T0 ) − ∆C

(2.20)

Where ∆C is the heat released in reaching a composition C when starting from pure A and B
(see fig.1)

[

]

d (Q − Q0 ) d c P .ρ .(T f − T0 ) d∆C
=
−
dt
dt
dt

[

(2.21)

]=0

d c P .ρ .(T f − T0 )
dt

(2.22)

dQ d∆C
=
dt
dt

(2.23)

∆C is only a function of x and time, based on the initial assumption
d∆C ∂∆C
∂∆C
=
+ vx
dt
dt
∂x

(2.24)

Substituting (19) and (24) in (18)
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⎡⎛ ∂T
∂∆C
∂∆C
∂T ⎞
2 ⎤
+ vx
+ vx
c p .ρ ⎢⎜
⎟ − λ∇ T ⎥ =
∂x
∂t
∂x ⎠
⎣⎝ ∂x
⎦

(2.25)

T is function of x only. Therefore,
∇ 2T =

∂ 2T
∂x 2

(2.26)

⎡⎛ ∂T
∂T ⎞
∂ 2T ⎤ ∂∆C
∂∆C
+ vx
c p .ρ ⎢⎜
+ vx
⎟−λ 2 ⎥ =
∂x ⎠
∂t
∂x
∂x ⎦
⎣⎝ ∂x

(2.27)

Assuming Steady state,
∂∆C
=0
∂t

(2.28)

Incorporating the approximation,
∂T ∂ 2T
〈〈
∂x ∂x 2

Both

∂T
∂ 2T
vx
〈〈 λ 2
∂x
∂x

(2.29)

∂T
∂T
and v x
are negligible
∂x
∂x

Equation (2.21) becomes
⎡
∂ 2T ⎤
∂∆C
c p .ρ ⎢− λ 2 ⎥ = v x
∂x
∂x ⎦
⎣

(2.30)

Velocity of Self-Propagation

Based on eq. (2.30) and (2.15), we can derive the rate of reaction.
If we assume that ∆C is a linear function of C as shown in fig (2.2).
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Figure 2-2 : Linear function of C
∆C = c p .ρ .(T f − T0 )C

Then the reaction rate:
−1

vx

2

2
⎛ −E ⎞
⎛
⎞ λ RT f Aδ ⎜⎝ RT ⎟⎠
kn
= ⎜⎜ ∑
3⎟
⎟ E (T − T ) e
α
n ⎠
⎝ n=odd
0
f
2

(2.31)

b) If we assume that ∆C is a function of C 2 as shown in fig (2.3).

∆C = c p .ρ .(T f − T0 )C

Figure 2-3 : Non-Linear Function of C
2

Then the reaction rate:
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−1

v

2

x

−E

⎛
⎞
2
2
⎞ 4λ RT f A ⎜⎝ RT ⎟⎠
⎛
kn
e
= ⎜⎜ ∑
⎟
α n 2 ⎟⎠ E (T f − T0 )
⎝ n=odd
2

(2.32)

In this analysis, we will use the linear profile as given in eq. (2.31).
Velocity of Self-Propagation CuOx and Al

For a thin film of two material eq. (2.31) can be written as

⎛ RT ⎞
3λD⎜⎜ f ⎟⎟ ⎛⎜ − E ⎞⎟
⎝ E ⎠ e ⎜⎝ RT f ⎟⎠
v2 =
⎛
T ⎞
δ 2 ⎜⎜ T f − 0 ⎟⎟
Tf ⎠
⎝

(2.33)

Activation Energy of Multilayer Thin Film of Aluminum and Copper Oxide

Activation energy based on two typical speeds of propagation was calculated. In order to
define the activation energy of a one-dimensional model, two speeds of propagation are
measured by high-speed photograph technique:

Figure 2-4 : Thin film Al/ CuO
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λ Thermal diffusion coefficient:

7.42 e-5 m 2 s −1

D Atomic diffusion coefficient (850 c):

6.4 e-5 m 2 s −1

A Arrhenius constant:

0.2

R Ideal gas constant :

8.314 KJ/ kmol K

Cp specific heat:

663 Jkg-1 K-1

ρ Density of the mixture:

5930 kg m3

Tf Final Temperature:

2846 K

T0 Initial Temperature:

300 K

δ

diffusion length ( ¼ of the bi-layer of thin film):

133.75 nm

v

propagation velocity of the reaction

T

temperature over interface line

Calculation of Activation Energy (E)

•

Total 20- repeating unit energetic material was used.

•

The repeating unit :

175 nm aluminum
300 copper oxide
20 nm copper

•

The kinetic reaction rate of a 20-repeating unit energetic film deposited onto the silicon
wafer substrate is approximately 6.1 m/s

•

The kinetic reaction rate a free (not deposited onto any substrate) energetic film is
approximately 61 m/s

•

Based on rate of reaction for multilayers (31)
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−1

vx

2

⎛ −E ⎞
2
⎛
⎞ λ RT f Aδ ⎜⎝ RT ⎟⎠
kn
= ⎜⎜ ∑
3⎟
⎟ E (T − T ) e
α
n ⎠
⎝ n =odd
f
0
2

(2.31)

Number of layers, n=20
Using equations (2.16) and (2.17),

α n = n π 2δ
kn = 1

kn = 1

0

2δ

− 2δ

0

2δ

2δ

∫C

0

( y ) sin(α n y )dy

(2.34)

− 2δ

( ∫ − sin(α n y )dy + ∫ sin(α n y )dy )

2δ

(2.35)

Table 2-1 : Fourier Coefficients

n

1

3

αn

π

kn

4

2δ

5

3π

π

4

2δ

3π

7

5π

4

2δ

9

7π

5π

4

2δ

7π

11

9π

4

11π

2δ

13

2δ

4
11π

9π

13π

15

2δ

4
13π

15π

17

2δ

4
15π

17π

19

2δ

4
17π

19π

2δ

4
19π

v min = 6 .1m / s
E = 159.4 kJ / mol

Substituting for vmin in eq. (2.31)

v max = 61 m / s
E = 68.31 kJ / mol

Substituting for vmax in eq. (2.31)

The activation energy is calculated as E = 68.3 − 159.4 kJ/mole from existing measurements
of vmin and vmax [37]. This compares well with the experimental rate of reaction for the CuOx
reaction for multilayer foils. CuOx /Al multilayer foils were magnetron sputter deposited with
ultrahigh purity Ar (5 Torr) onto silicon wafer substrates that were rotated above the CuO
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(99.8%) and Al (99.99%) targets. The CuO target was RF sputtered at 200W and was DC
sputtered at 150 W. The base pressure of the chamber was 1.9e-7 Torr. Each bilayer is 1 µ m and
the first and last bi-layers are 0.5 µ m. The total foil thickness is 14 µ m. Self-propagating
reaction was observed in these CuOx /Al foils. Propagation velocity was 1 m/s. Based on their
analysis, [1] proposed that the activation energy for the CuOx/Al reaction lies between 146 and
460 KJ/mol.

Therefore, in the current analysis, the calculated activation energy of

E = 68.3 − 159.4 KJ/mol is in the same neighborhood, although this range is lower than that
proposed by the Weihs’ group [32].
Reaction Rate Profile Based on a Single Pair of Al and CuO

The reaction rate for a single pair thin film is given in eq. (2.33). This equation can be used to
calculate the maximum and minimum velocity corresponding to the two extreme values of
activation energy. This is shown in Figure 5.
Reaction Rate Profile
0.10
0.09
0.08

velocity (m/s)

0.07
0.06

Vmin

0.05

Vmax

0.04
0.03
0.02
0.01
0.00
0.00E+00 1.00E-05 2.00E-05 3.00E-05 4.00E-05 5.00E-05

Distance (m)

Figure 2-5 : Reaction Rate Profile as a Function of Thin Film, δ
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2

vmax =
For

δ

9.627 *10 −14

2

vmin =

δ2

8.995 *10 −16

δ2

=133.75 nm

vmin = 0.2242 m/s

vmax = 2.319 m/s

Temperature Profile

Substituting velocity in eq. (2.30)

T = T0 +

vx ⋅ x
∆C
cp ⋅ ρ ⋅ λ

(2.36)

∆C = c p ⋅ ρ (T f − T0 )C
For

δ

=133.75 nm

(2.37)

vmin = 0.2242 m/s

vmax = 2.319 m/s

Tmin ( x) = 300 + 7.68 × 106 ( x) and Tmax ( x) = 300 + 7.957 × 107 ( x)
Temperature Profile
2000
1800
1600

Temperature K

1400
1200

Tmax

1000

Tmin

800
600
400
200
0.00E+00

5.00E-06

1.00E-05

1.50E-05

2.00E-05

Position x(m)

Figure 2-6 : Temperature Profile for one Pair Thin Film Al/CuO
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As shown in Fig. 2.6, the temperature rises in the direction of propagation; however, the
profile is linear and rises monotonically with distance. These fundamental flaws in the model
were not previously exposed. This example shows approximately 100 kJ/mole difference for the
lower and higher speeds of propagation. This large margin of error is an outcome of the model
itself and is not reliable. In addition, the temperature variable, which is used in the Arrhenius
type of equations, is the temperature at the critical point of the reaction, when combustion occurs.
In self-propagation reaction, this temperature is one of the main unknown variables. In the
solution of the problem used in the current method, the critical temperature is assumed to be
850oC based on the reaction of Al/CuO in the bulk geometry as given by [32]. Another weakness
of this model is that the speed of propagation is independent of the individual thicknesses of CuO
and Al. Experimental data does not support this theory in Al/CuO reaction.
Summary of the One-Dimensional Model

In thin film geometry, a one-dimensional model for the speed of propagation in a multilayer
thin film was discussed. In addition, two experimental speeds of propagation (minimum and
maximum) were used to calculate the activation energy within scope of the model. Various
possibilities for activation energy diminish the value of this model for the high speed of
propagation reaction. Experimental data obtained recently with different levels of complexity are
not validated due to the simplicity of this model. Therefore, it is necessary to develop a model
that is more general, and will satisfy majority of the experimental data.
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CHAPTER 3
PHASE TRANSFORMATION IN ADIABATIC
UNIT CELL OF ALUMINUM AND COPPER OXIDE
MIC reactions create an enormous amount of energy, which causes phase
transformation throughout the reaction. For the purpose of theoretical calculations, the
scope and size of the process has been limited. The physical surface area in this study is
limited to a cross section of a rectangular prism. Total amount of heat and final
temperature of unit cell are calculated based on conservation of mass and energy.
Based on a review of various experiments, Fischer and Grubelich [33] proposed the
energy release of the reaction aluminum and copper oxide to be 974.1 cal/g. Reaction
starts in solid-solid phase, continues to liquid state, and finally ends in gas phase. Based
on melting and boiling point of each one of the reactants and products, reaction of
aluminum and copper oxide is broken into 6 different stages, as given in Table 3.1.
Table 3-1 : Six Different Stages for the Unit Cell Temperature
Temperature range (K)
Start
End
300
933
933
1356
1356
1358
1358
2325
2325
2723
2723
2793

Effect at the end of process
Al
Melts
CuO Melts
Cu
Melts
Al2O3 Melts
Al
Vaporizes
Cu
Vaporizes
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Description of the Method

In this part, the focus is on the reaction process in a very small area of two layers of
Aluminum and copper oxide reaction surface. The cross section is chosen as a square unit,
and the height is the sum of half of the two layers as shown in Figures 3.1 and 3.2. Based
on the conservation of mass and energy principles, the proportional mass fraction of each
reactant and the final product is calculated at each critical point and their physical state is
verified.

Figure 3-1 : Section of Multilayer
For the purpose of the theoretical calculations, the following assumptions have been
made.
•

Reactions are adiabatic.

•

Variations in physical property of materials are linear between each critical point.

•

Volumetric change of each reactant and the product are negligible.
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Figure 3-2 : Unit Volume Cell
Mass Conservation

At any stage of the chemical reaction, total mass is constant, so the mass of reactants is equal
to the mass of the products. In this case, the total mass of aluminum and copper oxide are
destroyed in each stage in the amount equal to the total mass of alumina and copper that is
created.

2 Al + 3CuO → Al2 O3 + 3Cu

m = ∑ m Al + mcuo = ∑ m Al2O3 + ∑ mCu

(3.1)

Mass Ratio of Reactants and Product

Based on the atomic mass of the each reactant and product, the percentage of consumption
and production of each material is calculated.

2 Al + 3CuO → Al2 O3 + 3Cu
2 M Al + 3M CuO → M Al2o3 + 3M Cu
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For ‘m’ grams of reactants

100

2M Al
3M CuO
(m) + 100
(m) →
2M Al + 3M Cuo
2M Al + 3M CuO

3M Cu
100
(m) + 100
(m)
M Al2O3 + 3M Cu
M Al2O3 + M Cu
M Al2o3

M Al =26.98 g

(based on periodic table of elements)

M Cu =63.55g

(based on periodic table of elements)

M O =15.99 g

(based on periodic table of elements)

(3.2)

M Al2O3 =101.93 g

M CuO =79.54 g
Reactant ratio : 81.55% m (CuO) + 18.45% m (Al)

(3.3)

Product ratio : 34.84% m (Al2O3) + 65.15% m (Cu)

(3.4)

Energy Conservation

Based on adiabatic assumption for reaction in each unit cell, energy balance follows the general
rule.
E IN –E OUT+ E GEN=E STOR

(3.5)

Energy Input (E IN ) and Output (E OUT)

Based on the initial assumption, heat generation in each volume cell is the same as the
surrounding cells, so energy of input and output is zero.
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Energy Generation (E GEN)

Based on the chemical reaction rate [33], energy released from chemical reaction of aluminum
and copper oxide is 974.1cal/g
Energy Stored (E Stored)

Stored energy in each volume cell can change the temperature of the cell or change the
physical state of the material. Energy released from the reaction is equal to the product of the
specific heat at constant pressure and the change in the temperature of the system or change in
the physical state of the reactants or product of the reaction. The properties required at each stage
of the reaction are given in the tables in Appendix A[39].
Step 1.

Due to reaction of aluminum and copper oxide, Temperature of the system was raised from
300K to 933K; the melting point of aluminum.
(mAl − mAlreact ) ⋅ CpAl ⋅ (TF − T0 ) + (mCuO − mCuOreact ) ⋅ CPCuO ⋅ (TF − T0 ) + mAl2o3 ⋅ CPAl O ⋅ (TF − T0 ) +
2 3

mCu ⋅ CPCu ⋅ (TF − T0 ) = ∆H Al+CuO ⋅ (mAl + mCuO)
m Al = V Al ⋅ ρ Al = 946.5 × 10 −9 g

(from Figure 3.2)

mCuO = VCuO ⋅ ρ CuO = 243.18 × 10 −9 g (from Figure 3.2)

From eq. (3.3),
m Al react = 18.45%m

mCuO react = 81.55%m

From eq. (3.4),
m Al 2 o 3 = 34.85%m

T0=300K

mCu = 65.15%m

TF=933K
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(3.6)

Cp =

CP @300 K + CP @933 K
2

C pAl = 0.903 kJ/kg.K, C pCu = 0.385 kJ/kg.K
C pCuo = 0.6455 kJ/kg.K, C pAL 2 O 3 = 0.9996 kJ/kg.K
∆H Al +CuO = 947.1 cal / gr

From eq. (3.6),
(946.5 × 10 −9 − 0.8155m1 ) ⋅ C PCuO ⋅ (TF − T0 ) + (243.18 × 10 −9 − 0.1845m1 ) ⋅ C PAl ⋅ (TF − T0 ) +
0.3485 ⋅ m1 ⋅ C PAl 2 O3 ⋅ (TF − T0 ) + 0.6515 ⋅ m1 ⋅ C PCu ⋅ (TF − T0 ) = ∆H Al + CuO ⋅m 1
−9

m1 = 126.695 ×10 g

Solve for m1

m = ∑ m n = 126.695 × 10 −9 g
Table 3-2 : Products and Reactants after Step 1
CuO
m × 10 −9 g
126.695

Al m × 10 −9 g
219.763

m

× 10 −9 g
843.18

Al2O3
m × 10 −9 g
44.14

Cu

m × 10 −9 g

82.54

Step 2.

Due to the reaction of aluminum and copper oxide, aluminum melts at 933K.
(3.7)

(m Al ) ⋅ ∆H Almelting = ∆H Al + CuO ⋅ (m Al + m CuO )
−9

m Al =219.76 × 10 g

(table 3.2)

∆H Almelting = 94.8 cal/g
(219.763) ⋅ ∆H Almelting = ∆H Al + CuO ⋅ m 2
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m2 =21.9 × 10 −9 g

Solve for m2

m = ∑ m n = 147.695 × 10 −9 g
Table 3-3 : Products and Reactants after Step 2
CuO
m × 10 −9 g
147.695

Al m × 10 −9 g
215.888

m

× 10 −9 g
826.055

Al2O3
m × 10 −9 g

Cu

56.715

m × 10 −9 g

90.906

Step 3

Due to reaction of aluminum and copper oxide, Temperature of the system was raised from
933K to 1356K melting point of copper oxide.
Follow similar process in step1:
(mAl − mAlreact ) ⋅ C pAl ⋅ (TF − T0 ) + (mCuO − mCuOreact ) ⋅ CPCuO ⋅ (TF − T0 ) + mAl2o3 ⋅ CPAl O ⋅ (TF − T0 ) +
2 3

mCu ⋅ CPCu ⋅ (TF − T0 ) = ∆H Al+CuO ⋅ (mAl + mCuO )
T0=933K TF=1356K
m Al = 215.88 × 10 −9 g

mCuO = 826.055 × 10 −9 g

(table-3.3)
(table-3.3)

C pAl = 0.903 kJ/kg.K, C pCu = 0.385 kJ/kg.K
C pCuo = 0.7665 kJ/kg.K, C pAL 2 O 3 = 1.2847 kJ/kg.K
∆H Al + CuO = 947.1 cal/g
(826.055 × 10 −9 − 0.8155m3 ) ⋅ C pCuO ⋅ (TF − T0 ) + (215.88 × 10 −9 − 0.1845m3 ) ⋅ C PAl ⋅ (TF − T0 ) +
0.3485 ⋅ m3 ⋅ C PAl 2 O3 ⋅ (TF − T0 ) + 0.6515 ⋅ m3 ⋅ C PCu ⋅ (TF − T0 ) = ∆H Al + CuO ⋅m 3
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(3.6)

m3 = 85.968 × 10 −9 g

Solve for m3

m = ∑ m n = 233.66 × 10 −9 g
Table 3-4 : Products and Reactants after Step 3
CuO
m × 10 −9 g
2.33.66

Al m × 10 −9 g
200.027

m

Al2O3

× 10 −9 g
755.94

m × 10 −9 g
81.408

Cu

m × 10 −9 g

152.231

Step 4.

Due to the reaction of aluminum and copper oxide, copper oxide melts at 1056K.
Follow similar process in step 2:
(3.8)

(m CuO − m CuOreact ) ⋅ ∆H cuomelting = ∆H Al + CuO ⋅ ( m Al + m CuO )
(m Al ) ⋅ ∆H Almelting = ∆H Al + CuO ⋅ (m Al + m CuO )

mCuO = 755.94 × 10 −9 g

(table -3.4)

∆H CuOmelting = 35.4 cal/g
(m cuo ) ⋅ ∆H CuOmelting = ∆H Al + CuO ⋅ m4

m4 = 27.47 × 10 −9 g

Solve for m4

m = ∑ m n = 261.135 × 10 −9 g
Table 3-5 : Products and Reactants after Step 4
CuO
−9
m × 10 g

261.135

−9
Al m × 10 g

194.95

m

× 10 −9 g
733.544

Al2O3
−9

m × 10 g
90.979
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Cu

−9
m × 10 g

170.129

Step 5.

Due to reaction of aluminum and copper oxide, Temperature of the system was raised from
1356 K to 1358 K melting point of copper.
Follow similar process in step 1:
(m Al − m Alreact ) ⋅ C p Al ⋅ (TF − T0 ) + (mCuO − mCuOreact ) ⋅ C PCuO ⋅ (TF − T0 ) + m Al2o3 ⋅ C PAl O ⋅ (TF − T0 ) +
2 3

mCu ⋅ C PCu ⋅ (TF − T0 ) = ∆H Al +CuO ⋅ (m Al + mCuO )
=1356 K

TF=1358 K

m Al = 194.95 × 10 −9 g

(table-3.5)

mCuO = 733.544 × 10 −9 g

(table-3.5)

C pAl = 0.903 kJ/kg.K, C pCu = 0.385 kJ/kg.K

C pCuo = 0.7665 kJ/kg.K, C pAL 2 O 3 = 1.2847 kJ/kg.K
∆H Al + CuO = 947.1 cal/g
(733.54 × 10 −9 − 0.8155m5 ) ⋅ C pCuO ⋅ (TF − T0 ) + (194.95 × 10 −9 − 0.1845m5 ) ⋅ C PAl ⋅ (TF − T0 ) +
0.3485 ⋅ m5 ⋅ C PAl 2 O3 ⋅ (TF − T0 ) + 0.6515 ⋅ m5 ⋅ C PCu ⋅ (TF − T0 ) = ∆H Al + CuO ⋅m 5

m5 = 0.3609 × 10 −9 g

Solve for m5

m = ∑ m n = 261.496 × 10 −9 g
Table 3-6 : Products and Reactants after Step 5
CuO
m × 10 −9 g
261.496

Al m × 10 −9 g
194.892

m

× 10 −9 g
733.25

Al2O3
m × 10 −9 g
91.105
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Cu

m × 10 −9 g

170.365

T0

Step 6.

Due to reaction of aluminum and copper oxide, copper is melting at 1358K.
Follow similar process in step2:
(3.9)

(m cu − m cu react ) ⋅ ∆H cu melting = ∆H Al + CuO ⋅ (m Al + mCuO )

mCu = 219.76 × 10 −9 g

(table -3.6)

∆H Cumelting = 32 cal/g
(170.365) ⋅ ∆H Cu melting = ∆H Al + CuO ⋅ m6

m6 = 5.597 × 10 −9 g

Solve for m6

m = ∑ m n = 267.093 × 10 −9 g
Table 3-7 : Products and Reactants after Step 6
CuO
m × 10 −9 g
267.093

Al m × 10 −9 g
193.059

m

× 10 −9 g
728.686

Al2O3
m × 10 −9 g
93.0552

Cu

m × 10 −9 g

174.011

Step 7.

Due to reaction of aluminum and copper oxide, Temperature of the system was raised from
1358 k to 2325k melting point of alumina (Al2O3).
Follow similar process in step 1:
(m Al − m Alreact ) ⋅ C p Al ⋅ (TF − T0 ) + (mCuO − mCuOreact ) ⋅ C PCuO ⋅ (TF − T0 ) + m Al2o3 ⋅ C PAl2O3 ⋅ (TF − T0 ) +
mCu ⋅ C PCu ⋅ (TF − T0 ) = ∆H Al +CuO ⋅ (m Al + mCuO )

T0=1358 K

TF=2325 K
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(6)

m Al = 193.059 × 10 −9 g

(table-3.7)

mCuO = = 728.686 × 10 −9 g (table-3.7)

C pAl = 0.903 kJ/kg.K, C pCu = 0.385 kJ/kg.K
C pCuo = 0.8064 kJ/kg.K, C pAL 2 O 3 = 1.344 kJ/kg.K
∆H Al +CuO = 947.1 cal/g
(728.686 × 10 −9 − 0.8155m7 ) ⋅ C pCuO ⋅ (TF − T0 ) + (193.059 × 10 −9 − 0.1845m 7 ) ⋅ C PAl ⋅ (TF − T0 ) +
0.3485 ⋅ m 7 ⋅ C PAl O ⋅ (TF − T0 ) + 0.6515 ⋅ m7 ⋅ C PCu ⋅ (TF − T0 ) = ∆H Al + CuO ⋅ m 7

Solv

2 3

m7 = 176.091 × 10 −9 g

e for m7

m = ∑ m n = 443.184 × 10 −9 g
Table 3-8 : Products and Reactants after Step 7
CuO
m × 10 −9 g
443.184

Al m × 10 −9 g
161.371

m

× 10 −9 g
585.083

Al2O3
m × 10 −9 g
154.405

Cu

m × 10 −9 g

288.734

Step 8.

Due to reaction of aluminum and copper oxide, alumina is melting at 2325K.
Follow similar process in step2:
(3.10)

(m Al 2O 3 ) ⋅ ∆H Al 2 o 3melting = ∆H Al + CuO ⋅ (m Al + m CuO )

m Al 2o 3 = 154.405 × 10 −9 g

(table -3.8)

∆H Al 2o3melting = 250.646 cal/g
(m Al 2O 3 ) ⋅ ∆H Al 2O 3melting = ∆H Al + CuO ⋅ m8
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m8 = 39.734 × 10 −9 g

Solve for m8

m = ∑ m n = 482.918 × 10 −9 g
Table 3-9 : Products and Reactants after Step 8
CuO
m × 10 −9 g
482.918

Al m × 10 −9 g
154.04

m

× 10 −9 g
552.68

Al2O3
m × 10 −9 g
168.249

Cu

m × 10 −9 g

314.621

Step 9.

Due to reaction of aluminum and copper oxide, Temperature of the system was raised from
2325K to 2723K, which is the vaporizing point of aluminum.
Follow similar process in step1:
(728.686 × 10−9 − 0.8155m7 ) ⋅ C pCuO ⋅ (TF − T0 ) + (193.059 × 10−9 − 0.1845m7 ) ⋅ C PAl ⋅ (TF − T0 ) +
0.3485⋅ m7 ⋅ CPAl2O3 ⋅ (TF − T0 ) + 0.6515⋅ m7 ⋅ CPCu ⋅ (TF − T0 ) = ∆H Al +CuO ⋅ m7

T0=2325 K

TF=2723 K

m Al = 154.04 × 10 −9

g

mCuO = 215.888 × 10 −9 g

(table-3.9)
(table-3.9)

C pAl = 0.903 kJ/kg.K, C pCu = 0.385 kJ/kg.K
C pCuo = 0.8064 kJ/kg.K, C pAL 2 O 3 = 1.344 kJ/kg.K
∆H Al +CuO = 947.1 cal/g
(552.68 × 10 −9 − 0.8155m9 ) ⋅ C p Al ⋅ (TF − T0 ) + (154.04 × 10 −9 − 0.1845m9 ) ⋅ C PCuO ⋅ (TF − T0 ) +
0.3485 ⋅ m9 ⋅ C PAl O ⋅ (TF − T0 ) + 0.6515 ⋅ m9 ⋅ C PCu ⋅ (TF − T0 ) = ∆H Al + CuO ⋅ m9
2 3
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(3.6)

m9 = 56.33 × 10 −9 g

Solve for m9

m = ∑ m n = 539.256 × 10 −9 g
Table 3-10 : Products and Reactants after Step 9
CuO
m × 10 −9 g
539.256

Al m × 10 −9 g
143.645

m

× 10 −9 g

Al2O3

Cu

m × 10 −9 g

506.737

187.8774

m

× 10 −9 g
351.325

Step 10.

Due to reaction of aluminum and copper oxide, aluminum is vaporized at 2723 k
Follow similar process in step 2:

(m Al − m Alreact ) ⋅ ∆H Alvap = ∆H Al +CuO ⋅ (m Al + mCuO )

(3.11)

( m Al ) ⋅ ∆H Alvap = ∆H Al + CuO ⋅ ( m10 )

m Al = 143.64 × 10 −9

g

(table -3.10)

∆H Alvap = 2720 cal/g
(m Al ) ⋅ ∆H Alvap = ∆H Al + CuO ⋅ m10

m10 = 401.144 × 10 −9 g

Solve for m10

m = ∑ m n = 940.4 × 10 −9
Table 3-11 : Products and Reactants after Step 10
CuO
m × 10 −9 g
940.4

Al m × 10 −9 g
69.634

m

× 10 −9 g
179.604

Al2O3
m × 10 −9 g
327.635
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Cu

m × 10 −9 g

612.671

Step 11.

Due to reaction of aluminum and copper oxide, Temperature of the system was raised from
2723 k to 2793 k vaporizing point of copper.
Follow similar process in step1:

(728.686 × 10 −9 − 0.8155m7 ) ⋅ C pCuO ⋅ (TF − T0 ) + (193.059 × 10 −9 − 0.1845m7 ) ⋅ C PAl ⋅ (TF − T0 ) +
0.3485 ⋅ m7 ⋅ C PAl O ⋅ (TF − T0 ) + 0.6515 ⋅ m7 ⋅ C PCu ⋅ (TF − T0 ) = ∆H Al +CuO ⋅ m7
2 3

T0=2723 K

TF=2793 K

m Al = = 69.634 × 10 −9 g

(table-3.11)

mCuO = 179.0 × 10 −9

(table-3.11)

g

C pAl = 0.903 kJ/kg.K, C pCu = 0.385 kJ/kg.K
C pCuo = 0.8064 kJ/kg.K, C pAL 2 O 3 = 1.344 kJ/kg.K
∆H Al +CuO = 947.1 cal/g
(69.634 × 10 −9 − 0.8155m11 ) ⋅ C p Al ⋅ (TF − T0 ) + (179.604 × 10 −9 − 0.1845m11 ) ⋅ C PCuO ⋅ (TF − T0 ) +
0.3485 ⋅ m11 ⋅ C PAl O ⋅ (TF − T0 ) + 0.6515 ⋅ m11 ⋅ C PCu ⋅ (TF − T0 ) = ∆H Al + CuO ⋅m 11
2 3

m11 = 3.5478 × 10 −9 g

Solve for m11

m = ∑ m n = 943.9478 × 10 −9 g
Table 3-12 : Products and Reactants after Step 11
CuO
m × 10 −9 g
943.94

Al m × 10 −9 g
68.979

m

× 10 −9 g
176.711

Al2O3
m × 10 −9 g
328.87
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Cu

m × 10 −9 g

615.076

Step 12.

Due to reaction of remainder of aluminum and copper oxide, 33% of copper is vaporized at
2793 K.
(3.12)

(m Cu vap ) ⋅ ∆H Cu vap = ∆H Al + CuO ⋅ (m Al + m CuO )

m=

176.711 g
.08155

(table -3.12)

∆H Cuvap = 2793 cal/g
(mCu vap ) ⋅ ∆H Al melting = ∆H Al + CuO ⋅ m

mCu = 174.42 × 10 −9 g mcuvap % =

Solve for mcu

174.426
= 23.06% of
756.15

copper vaporized
Table 3-13 : Products and Reactants after Step 12
CuO
m × 10 −9 g

Al m × 10 −9 g
28.9906

m

× 10 −9 g
0

Al2O3
m × 10 −9 g
404.366

Cu

m × 10 −9 g

756.15

(mAl − mAlreact ) ⋅ ∆H Alvaporizing = ∆H Al +CuO ⋅ (mAl + mCuO )
The reaction ends when the entire copper oxide is consumed. Table 3.13 shows the overall
mass fraction of the reactants and product at each point of the physical state change. The
percentage of the reactants and product is also given in figure 3.3.
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Table 3-14 : Summary of Products and Reactants after each Step
CuO

Al

× 10 −9

× 10 −9

Al2O3

Temperature

(g)

(g)

× 10 −9 (g)

(g)

(g)

× 10 −9 (g)

300

946.5

243.138

0

0

1189.638

0

933

843.18

219.763

44.14

82.541

1062.943

126.681

933

826.055

215.888

56.714

90.906

1041.943

147.62

1356

755.94

200.027

81.408

152.231

955.967

233.639

1356

733.544

194.959

90.979

170.129

928.503

261.108

1358

733.25

194.892

91.105

170.365

928.142

261.47

1358

728.686

193.059

93.055

174.011

921.745

267.066

2325

585.083

161.371

154.405

288.734

746.454

443.139

2325

552.68

154.04

168.249

314.621

706.72

482.87

2723

506.737

143.645

187.877

351.325

650.382

539.202

2723

179.604

69.634

327.635

612.671

249.238

940.306

2793

176.711

68.979

328.87

615.076

245.69

943.946

2793

0

28.99

404.366

756.15

28.99

1160.516

Cu × 10
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Figure 3-3 : Mass of the Reactants and Products as a function of temperature
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Discussion

Figure 3.4 shows the mass of reactants and products at each stage of temperature range.
Figure 3.5 shows the schematic and overall view of the reaction and phase change from 300K to
2793K. Before 933K, all the products and reactants are in solid phase and the reaction is based
on diffusion in solid-solid phase. Between 933K to1356K, aluminum is changed to liquid phase
and the reaction is based on diffusion in solid–liquid phase. Between 1358K and 2325 K
reactants are in liquid phase and the reaction rate is based on the diffusion of liquid-liquid phase
and subsequently much faster than before. At this stage, there is still alumina present in solid
state and has a negative effect on the reaction rate. Between 2325K to2723K, all the products and
reactants are in pure liquid phase and reaction rate is highest at this point. Above 2723K, reaction
enters the gas phase of the reactants and the rate of reaction accelerates to its highest rate.

Figure 3-5 : Schematic of the Physical State of Reactants and Product
in Different Range of Temperature
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Figure 3.6 shows the final products of multilayer reaction of Al/CuO using a Scanning
Electron Microscope. The image shows the copper particles are coalesced together within the
alumina.

Figure 3-6 : Scanning Electron Micrograph of Reacted Layered MIC [10]

Figure 3-7 : Bright Field Transmission Electron Microscopy of the
Cross Section of Reacted Layer of MIC [10]
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More details can be seen from the products captured by transmission electron microscopy
(TEM) in Figure 3.7. Copper with more dense structure is shown as a darker image with respect
to alumina.
In this method, some the complexities of the process due to the phase transformation are
captured. However, this method is seen to have some shortcomings. In order to simplify and
isolate some of the variables, a one-dimensional model was used although the geometry of the
multi-layer thin film dictates a two-dimensional analysis. In addition, unit cell is not treated here
as a moving source, therefore, the concentration profile does not exist and the rate of reaction at
the interface is constant. An average temperature profile at any point along the reaction is
calculated in the model.
Summary of the Phase Transformation in an Adiabatic Cell

Conservation of mass and energy was used to demonstrate the reaction of aluminum and
copper oxide in the adiabatic unit cell. Twelve different steps describe the process. While
aluminum and copper oxide are being consumed, they are transformed from solid to liquid. The
process generates copper and alumina in solid, liquid, and gas phases. Numerical solution shows
that 2793±100K is the highest possible temperature for the reaction.
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CHAPTER 4
EXPERIMENTAL AND NUMERICAL STUDY
OF DENSE LAYERED NANO-ENERGETIC MATERIALS
Due to the complexity of the motion of the products during the reaction and the number of
unknowns, one-dimensional models do not explain the overall physical phenomena. The process
can be simplified without diffusion by the introduction of the black box theory in the combustion
phenomena [39-40]. In this approach, control volume moves with the flame front so
concentration profile need not be considered. The reactions within the black box are considered
steady state and are not part of the calculations. The concept of the black box volume allows us
to isolate the effects of the interaction of the control volume and the surroundings within the
defined frame. The control volume is moving with the speed of propagation along the reaction
path. The velocity of the control volume along the direction of propagation of the reaction is
assumed constant.
The number of variables can affect the MIC reaction process. In order to measure and
compare some of the characteristics of the flame, the number of variables needs to be reduced
and some isolated during the experiments. By creating a standard geometry, some of the
influencing variables may be eliminated, and a controlled environment can be created for
consistent results in MIC reactions. Measuring some of the characteristics of the flame such as
the speed of the flame front is one the main goals of this work. Although high-speed
photography is one of the popular techniques for measurement of speed of propagation, accuracy
of this technique is decreased significantly in high-speed propagation reactions, such as
aluminum and copper oxide.
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The main approach in this work is to identify and experimentally measure the characteristics
and variables of the flame. This method can be helpful in understanding the propagation process,
theoretically and experimentally. Thus, the goal is to obtain a greater physical understanding of
the reaction process and to increase the reaction propagation velocity (burn rate) of dense MIC.
The objective of this work is to use a combined approach, consisting of an experimental effort,
supported by analytical and numerical modeling. To support the experimental effort, samples of
Al/CuO has been prepared as multilayer thin film by vacuum deposition. The experimental
effort is to study the kinetics of MIC reactions, using the reaction propagation velocity as a
measure of the reaction process. This effort extends prior studies of propagation velocity as a
function of the substrate thickness.
Reaction Model and Mechanism

For self-propagating (non-isothermal) MIC reactions, the melting of both the reactant layers
and products during reaction requires consideration. The reaction temperature calculated during
the course of the adiabatic reaction of Al/CuO multilayers is shown in Figure 4.1.

Figure 4-1 : Idealize View of Layered MIC Reaction Propagation
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Significantly, we can expect both Al and CuO reactant layers and the Cu product layer to be
molten before the reaction is 25% complete. The alumina product layers will also melt before
the reaction reaches 50% completion. Liquid phase diffusion across the product layers and the
direct liquid phase mixing of the reactant layers must be considered. Khina, et. al. [41] have
suggested a reaction mechanism wherein the initially layered reactants form a homogeneous
molten solution, from which the product phase precipitates. The vaporization of both reactants
and the possibility of the decomposition of CuO introduce vapor phase reaction mechanisms as
well. Thus, there are many possible ways MIC reactions can take place, occurring at sequentially
higher temperatures. The key parameter that will help identify the rate-limiting mechanism is
the temperature near which it occurs, i.e., the critical reaction temperature (Tc).

The

experimental determination of Tc is difficult, and therefore an idealized model given in Figure
4.2 is considered in order to obtain maximum temperature at the leading edge of the flame.
In Ni-Al layers, Zanotti et al. [42] divided the process into separate phases of initiation and
self-propagation. Self-propagation is the focus of this study and can be independently researched.
Ignition and initiation process can be neglected in part due to the work done by Zanotti et al. [42].
They established that the relative amount of energy of the ignition compared to the overall
reaction is negligible. The calculations are focused on the period of self- propagation cycles.
Defining the speed of propagation, which is assumed to be the same as the speed of the
product during the reaction process, is a major step toward modeling of the MIC reaction. In
order to narrow the field of the variables, the concept of the black box theory is utilized. Figure
4.2 shows the general black box with simple input and output. The reactions within the black
box are considered as steady state and are not part of the calculations. Concept of the control
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volume allows us to study the effects of the interaction of the black box and the surroundings
within the defined frame. The control volume (flame) is moving with the speed of propagation
along the reaction process path. The process can be simplified as input, reaction and the output.
Input can be identified as reactants and is a known variable. The reaction process can be
simplified as conversion of input to heat and the product, which is the output. Heat increases the
temperature based on a defined profile. The velocity of the control volume through the direction
of flame propagation is assumed constant and is the same as the speed of the particles. Capability
of measuring the speed of flame front or speed of propagation accurately can help calculate some
of the effective variables of this process, such as length of flame, and rate of heat generation. The
measurement of this speed of propagation is crucial to the calculation of temperature and the
amount of heat dissipated into the substrates.

Figure 4-2 : Typical Axi-symmetric Flame
In the idealized set up in Figure 4.2, the control volume moves through the stationary
material within the sample frame. The thin reaction zone (black box) is commonly referred to as
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flame, has two separate sections, cool and hot zone (figure 4.3). Front part of the flame is the
cool zone and the area behind with the hot products is the hot zone. As the flame moves along
the direction of flame propagation, the temperature and pressure rise in the unburned material.

Figure 4-3 : Steady State Temperature profile within flame
The primary objective of the numerical solution is to first develop a simple governing
equation expressing the conservation of mass, species, and energy for the control volume. Our
approach is to define the physical characteristics of the flame such as speed and temperature, and
then establish the governing equations (Appendix B) related to the control volume (black box).
Solution of the governing equation for a specific control volume will require the speed and
length of the flame.
Substrate materials can control the reaction front by the heat sink. A number of materials
with different thicknesses have been tested as substrate for standard thin film. The theory of
moving the heat source over the solid [40-50] was used to show the distribution of the
temperature over substrate. At this stage, linear heat sources were used as a simple flame front
over a single substrate. Experiments show highly conductive materials in substrate can quench
the flame.
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To define a model that shows the relationship between the heat front and speed of
propagation, composite substrates were used. This substrate thickness was varied systematically
to vary the heat absorption. Subsequently, the temperature profiles can be obtained from the
numerical solution over composite substrate. The maximum temperature on the flame is
controlled by the speed of propagation and the height of the substrate.
Conservation of energy principle can be utilized to establish the relationship between
temperature profile and speed of propagation. Conservation of mass principle can be utilized to
establish the relationship between conservation of species within the reaction and speed of
propagation. Temperature is related to the speed of propagation. The control volume moves with
the flame front so that the concentration profile need not be considered.
Laminar Flame

Several theories of laminar flames have been proposed for decades and several simplifying
assumptions made by [51,52]. In this paper, a simple axisymmetric case is considered for a
laminar flame. Figure 4.2 shows the typical axisymmetric flame, which is propagated in the
sample. Existing similar media on both sides of the reaction zone satisfies this assumption.
Depositing in a thin layer of the material in nanoscale is similar to premixing of the material.
Although solving governing equation in premixed case is easier than the un-premixed case, the
specific dimension for each individual reactant in governing equations is neglected.
Physical Description

The essential characteristics of the laminar premixed flame are qualitatively described and
simplified analysis of flames is developed. This will allow us to observe the influencing factors
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related to the laminar flame speed and thickness. Flame is self-sustaining propagation of
localized combustion zone at subsonic velocity. In addition, it is possible for combustion to
propagate at speed of sound within material and such a wave is called detonation. Temperature
profile throughout the flame is the most important characteristic of the flame. Two dimensional
temperature profile is dependent on the overall reaction. Regression rate, SL, (Figure 4.4) is the
speed of unburned mixture in a free propagating combustion approaching the flame
perpendicular to the control volume at a fixed reference.

The fixed reference frame is a

stationary frame relative to a laboratory reference frame. Regression rate, SL, can be divided into
the speed of the flame in X and Y directions.
In a two dimensional study, control volume sweeps through the reaction path (x-axis) in a
conical profile with a specific radius (r).

⎛α ⎞
v x = S L . cos⎜ ⎟
⎝2⎠

(4.1)

⎛α ⎞
v r = S L .Sin⎜ ⎟
⎝2⎠

(4.2)

Figure 4-4 : Axisymmetric Velocity of the Flame
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Two Dimensional Temperature Distributions on Single Substrate

Based on the theory of moving heat source, heat can penetrate inside the substrate in all
directions. For a moving point heat source, general equation of heat transfer based on Fourier’s
law is:
d 2T d 2T d 2T ⎛ 1 ⎞ dT
+
+
=⎜ ⎟
dx 2 dy 2 dz 2 ⎝ α ⎠ dt

(4.3)

Neglecting the z-dimension temperature variation, the two-dimensional equation is
d 2T d 2T ⎛ 1 ⎞ dT
+
=⎜ ⎟
dx 2 dy 2 ⎝ α ⎠ dt

(4.4)

Assuming constant speed of propagation and using the chain rule,
dT dT dx dT dy
=
⋅ +
⋅
dt
dx dt dy dt
dx
= v x and
dt

(4.5)
dy
= v y =0
dt

dT dT
=
⋅ vx
dt
dx

(4.6)

Then, the governing equation is simplified to:
d 2T d 2T ⎛ v x ⎞ dT
+
=⎜ ⎟
dx 2 dy 2 ⎝ α ⎠ dx

(4.7)

Based on the flame configuration given in figure 4.5 the temperature distribution for the moving
point source is:
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Figure 4-5 : Computational Dom
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∂T
( x = ±∞, y ) = 0
∂x
k

∂T
( x = ± ω , y = 0) = q
2
∂y

∂T
(−∞ ≤ x ≤ − ω , y = 0) = 0
2
∂y

∂T ω
(
≤ x ≤ +∞, y = 0) = 0
2
∂y

∂T
( x, y = ∞ ) = 0
∂y

(4.8)

Closed Form Solution

The moving heat source problem over a single substrate was initially solved by Carslaw and
Jaeger [50, 53]. Rosenthal [54] developed the theory of the heat motion and provided the closed
form solution for the linear two-dimensional heat source. Moving heat source was modeled for a
number of applications such as laser machining [55, 56], and friction stir welding [57]. In this
study, a similar approach was used to relate the speed of flame, vx, and heat flux, which is
generated inside the flame with temperature distribution on the substrate. Closed form solution
for a single moving source for eq. (4.7) for a single infinite substrate is:
⎛ q ⎞ ⎛ vx r ⎞
T − Ti = ⎜
⎟ exp(−v x x / 2α )
⎟K 0 ⎜
⎝ 2πk ⎠ ⎝ 2α ⎠

(4.9)

where K 0 is the Bessel function of the second kind and q, α, and k are heat flux, thermal
diffusivity and conductivity respectively.
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For a two-dimensional heat source, Weichert and Schonert [55] extended the closed form
solution given in eq. (4.9) inside a single slab. They used the coordinate transformation to solve
the one-dimensional heat source with the length of ω in the direction of the motion as shown in
figure 4.5. The solution for a two-dimensional moving linear heat source of width, ω, is given
by
+ω

⎛ q ⎞ 2 ⎛ vx r ⎞
T − Ti = ⎜
⎟ exp(−vxξ / 2α )dξ .
⎟ ∫ K0 ⎜
⎝ 2α ⎠
⎝ 2πk ⎠ −ω

(4.10)

2

Although using a single substrate shows the critical role played by heat front propagation and
speed of reaction, it is not capable of controlling the heat front. However, closed form solutions
to layered substrates are not possible. It is to be noted that whether an analytical solution or a
numerical solution is sought, the speed of propagation of the flame front needs to be known.
Secondly, the solution given in eq. (4.10) is for a single substrate. Therefore, eq. (4.7) needs to
be solved numerically for a flame front on a SiO2-Si substrate. Before solving this equation with
the boundary condition in eq. (4.8), speed of flame propagation needs to be measured. This speed,
vx, will be used as a constant in the numerical solution procedure.
Experimental Procedure

In order to measure some of the major characteristics of the flame, reaction variables should
be defined and controlled. Heat generation inside of the control volume plays a main role for the
self-propagation of the reaction. Experimentally, it is possible to control the amount of heat
during the reaction by creating a variable heat sink as substrate for the thin film. In order to
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measure some of the characteristics of the flame, long strips of the multilayer thin film were
deposited on the substrate.
Measurement Techniques for Speed of Flame

Tappan [58] used different types of thin film geometry to create a controllable environment to
measure the characteristics of the flame in microscale. Controlling some of the characteristics
such as speed and length of the flame are necessary to create a controlled environment. Rossi [59]
used different types of thin film geometry to create controllable environment. This environment
is used in many micro thin film materials in mechanical and electrical devices.
Layered Al/CuO MIC having a total thickness of 3.2 µm was prepared by magnetron sputter
deposition. An Al layer thickness of 26 nm and CuO layer thickness of 54 nm were used to
provide a bi-layer period of 80 nm for a standard sample configuration, as illustrated in Figure
4.6.

Figure 4-6 : Multilayer Al and CuO (MIC)
An electronic time-of-flight technique was developed using patterned strips of layered MIC
on a substrate (Figure 4.6), wherein the passage of the reaction front passes copper contacts
spaced along the length of the strip (Figure 4.7). As the flame ignites on one side of the thin
filmstrip, it can propagate with constant speed across the sample. The flame can burn each
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copper strip in equal time increments. This configuration produced a stepwise change voltage,
which was digitally acquired and analyzed to determine the propagation velocity. Each copper
probe is connected to a series of resistances in the circuit; Figure (4.7) shows a typical circuit that
was used in this experiment. Voltage output can drop at the instant that flame passes across
copper probes. This stepwise change in reduced voltage is shown in figure 4.8.

R
R1
R2
R3
R4
R5
R6

Figure 4-7 : Configuration Set up for High Speed Measurement
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Figure 4-8 : a) Example of electronic time of –flight measurement of reaction velocity for
layered Al/CuO MIC deposited on a substrate; b) Voltage gradient to obtain accurate
measurement of distance.
This technique gives a much higher accuracy than spectroscopy measurement. The camera,
which is used in the spectroscopy techniques, is capable of capturing 60,000 frames per second.
Typically, the time of –flight technique provides an uncertainty of 50 µs for a speed of
propagation of 50 m/s. Table (4.1) shows a typical experiment result for time of voltage drops in
three equal part of the sample. By comparing the voltage gradient at the lead and lag part of the
drop, the velocities were computed. This dual computation shows that there is adequate
confidence in the velocity measurement.
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Table 4-1 : Typical Speed of Flame in Lead and Lag Cases
Lead (Top)
10035
10194
10344
10502
Lag (Bottom)
10038
10203
10353
10510

Number of
Sample

Time (s)

Speed m/s

Average Speed

159
150
158

0.00019875
0.0001875
0.0001975

50.31
53.33
50.63

51.42

165
150
157

0.00020625
0.0001875
0.00019625

48.48
53.33
50.95

50.92

Effect of Single Substrate

It is possible to control the heat at the front of the flame by placing a substrate underneath the
heat source. Absorbing the heat that is generated in the flame can reduce the speed of the flame
and quench the reaction. The substrate can absorb a significant amount of the heat at the front of
the flame. Using different materials with high to low thermal conductivity can reduce the speed
of the flame or even stop it. Poorly conductive materials absorb less heat, can boost the speed of
the flame, and can cause reactions at a higher rate. On the other hand, highly conductive
materials have opposite effects on the speed of the flame. Some experiments with highly
conductive materials in the substrates show reactions only on a few top layers of the thin film
and heat does not penetrate to the bottom layers of the thin film.
Several types of substrates for MIC thin films were examined. Single substrate samples were
prepared on glass and kapton (Table 4.2). For the typical structure having an 80 nm bilayer
period and a total thickness of 3.2 µm, burn rates in the range of 14 m/s for kapton and 45m/s for
glass were observed. Composite substrates were prepared on Si wafer having a thin layer of
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photoresist or SiO2. The thermal conductivity of each material can impact the effectiveness of
the heat front. For example, kapton is more conductive than photoresist or glass, consequently
the speed of reaction significantly drop
Table 4-2 : Speed of Flame on Single and Composite Substrates

Substrate

Thermal
Speed of reaction
conductivity Thickness Sample rate (m/s)
(W/m.k)
(µm)
(kHz)
45.61, 44.78, 51,
1.4
1000
800, 1000
44.76, 47.17

Average
Speed
(m/s)

glass
46.75
photo
resist/Si
0.2
1.1
800
52.94, 54.97
53.955
photo
resist/Si
0.2
10
800, 1000
61.05, 61.86,
61.45
photo
resist/Si
0.2
2
800
17.20, quench
quenched
SiO2/Si
1.4
0.03
1000
quench
quenched
SiO2/Si
1.4
0.1
1000
quench
quenched
SiO2/Si
1.4
0.2
1000
quench
quenched
SiO2/Si
1.4
0.5
1000
41.66, 43.52, 42.97
42.72
SiO2/Si
1.4
2
1000
43.1,42.73, 41.78
42.54
Heat loss to the substrate heat during the reaction has a main role to play in the determination
of the speed of the flame. The heat can become a controlled variable by utilizing different heat
sinks for the flame. A material with high conductivity can quench the reaction completely. By
depositing a thin layer of material with low conductivity such as silica or photoresist, a part of
the generated heat can be absorbed by the substrate. Thickness of deposition can be a variable
and will affect the speed of the flame.
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Figure 4-9 : MIC Speed of flame (burn rate) as Function of
Thermal Insulation Thickness of SiO2
Similar velocities to a single substrate were observed for this structure on Si substrates
having a thick intervening layer of SiO2 to provide thermal insulation. When this structure was
prepared adhered to a Si substrate without a thermal insulation layer, no self-propagating
reaction was observed, i.e., the reaction was effectively quenched (Table 4.2). Figure 4.9 also
shows that the average speed or quenching depends on the thickness of SiO2 substrate as well as
the conductivity. The dependence of the reaction velocity on the substrate is an example of how
the reaction process may be inferred by the measurement of reaction velocity for a series of
samples. Thermal penetration depth, δ, of the moving reaction front into the thermally grown
SiO2 surface layer is estimated by varying the thickness, hSiO2, of the layer. Figure 4.9 shows
that the reaction is completely quenched for SiO2 layer of less than 200 nm. The speed of the
flame propagation seems to be more or less a constant at 40 m/s for SiO2 Layers of 1 µm and 2
µm. For a 10 µm photoresist layer the speed is respectively 60 m/s, however at 2 µm thickness
the reaction is quenched.
For the case of hSiO2 > δ, the reaction velocity is expected to be similar to that of the bulk
glass substrate. For hSiO2 < δ, a reduced reaction velocity is expected due to the increased loss
of the heat of the reaction into the higher thermal conductivity silicon. The sudden decrease in
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velocity for hSiO2 less than 500 nm in figure 4.9 indicates this to be an upper bound for the
thermal penetration depth, δ. If we use this distance and the thermal diffusivity of SiO2, α, in the
simple approximation, δ = 4αt , we get an estimate of the time, t, that the composite substrate
is exposed to the moving reaction front as t = 69 ns. The measured velocity of the reaction front,
vx = 43 m/s, allows us to calculate its effective width, w, as 3 µm.
Numerical Procedure

The main objective of this portion of the experiment is the numerical solution of twodimensional heat conduction in a linear moving heat. Heat moves along the X direction and
travels with constant speed of vx over a composite substrate Figure 4.5. This two dimensional
conduction model can not be solved analytically; therefore, numerical solutions are sought to
determine the temperature profile. One of the ways to validate solutions is to solve the extreme
case of the composite substrate and compare it to the analytical solution in moving source over a
single substrate, given by eq. (4.10). In this case, a finite element method and explicit technique
was used to develop a computer code to compare the result in a commercial code, Comsol.
Governing Equation and Boundary Conditions

The governing equation for the linear moving heat, which is stretched along the x direction
and moves in the same direction with constant speed of vx over composite substrate given in
figure 4.5 are:
∂ 2T ∂ 2T
v ∂T
+ 2 =
2
α 1 ∂x
∂x
∂y

(4.11)
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∂ 2T ∂ 2T
v ∂T
+ 2 =
2
α 2 ∂x
∂x
∂y

(4.12)

In this case, α1 and α2 are α SiO2 and α Si respectively, which are the thermal diffusion coefficient
for silica and silicon relatively. Boundary conditions are similar for a single substrate:
∂T
( x = −∞, y ) = 0
∂x

T ( x = +∞, y ) = 300 K
k

∂T
( x = ± ω , y = 0) = q
2
∂y

∂T
(−∞ ≤ x ≤ − ω 0, y = 0) = 0
2
∂y
∂T ω
(
≤ x ≤ +∞, y = 0) = 0
2
∂y

T ( x, y = ∞) = 300 K

(4.8)

Appropriate space discretization can improve the accuracy and stability of the solutions.
Variable mesh was used for this problem. Number of elements were increased along the interface
and heat source.
Explicit Method

Explicit method was used to carry out the computations. Since the flame speed is constant,
time is proportional to x direction of motion. Therefore forward differencing was used for x
direction and central differencing was used for y direction.
∂T Ti +1 − Ti
=
+ O ( ∆x )
∂x
∆x

(Forward differencing)
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(4.13)

∂ 2T T
=
∂y 2
∂ 2T T
=
∂x 2

− Ti + Ti −1
+ O (∆y 2 ) (Central differencing)
2
∆y

(4.14)

+ Ti − 2Ti +1
+ O (∆x 2 ) (Forward differencing)
2
∆x

(4.15)

i +1

i+2

The finite difference form of the differential equation is
v ⎛⎜ Ti +1 − Ti
α ⎜⎝ ∆x

⎞ Ti +1 − Ti + Ti −1 Ti + 2 + Ti − 2Ti +1
⎟=
+
+ O(∆y 2 , ∆x)
2
2
⎟
∆y
∆x
⎠

(4.16)

At the interface between silica and silicon, Pletcher [60] recommends a harmonic mean thermal
conductivity, ke, as the numerical value of heat conductivity at the interface of two materials.
ke =

2k SiO2 ⋅ k Si

(4.17)

k SiO2 + k Si

k SiO2 and k Si is the thermal conductivity of silica and silicon.

v ⎛⎜ Ti +1 − Ti
α SiO2 ⎜⎝ ∆x

⎞ Ti +1 − Ti + Ti −1 Ti + 2 + Ti − 2Ti +1
⎟=
+
⎟
∆y 2
∆x 2
⎠

v ⎛⎜ Ti +1 − Ti
α Si ⎜⎝ ∆x

⎞ Ti +1 − Ti + Ti −1 Ti + 2 + Ti − 2Ti +1
⎟=
+
2
⎟
∆
∆x 2
y
⎠

v ⎛⎜ Ti +1 − Ti
α e ⎜⎝ ∆x

⎞ Ti +1 − Ti + Ti −1 Ti + 2 + Ti − 2Ti +1
⎟=
+
⎟
∆y 2
∆x 2
⎠

(4.18)

(4.19)

(4.20)

α e is the thermal diffusion coefficient based on harmonic mean, ke, for the elements at the
interface of silica and silicon.
Equation (4.18), (4.19) and (4.20) were solved simultaneously using an iteration technique to
obtain the temperature profiles. To reduce the uncertainty and increase the accuracy of numerical
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solutions, geometry of substrate is modified. Heat flux on each side of the substrate should
approach to zero.
To find the appropriate number of elements in the computational domain, random number of
elements were picked and the maximum temperature in exact same geometry were compared.
Figure (4.10) shows solution is getting more accurate by increasing the number of elements in
same geometry due to limitation on processing. 175000-200000 elements range was chosen for
these calculations. In fact, the uncertainty is controlled by ± 0.5 %.
0.04
0.035
0.03

Error Ratio

1 m/s
0.025

5 m/s
10 m/s

0.02

20 m/s
30 m/s

0.015

40 m/s
50 m/s

0.01
0.005
0
0

50000

100000

150000

200000

250000

Number of Elements

Figure 4-10 : Relative Error with respect to the number of elements
Now with the velocity measurement, equation (4.7) with the boundary condition (4.8) can be
solved. Composite substrates can demonstrate practical ways to compare and link characteristics
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of the flame, such as length of the flame, speed of propagation, conductive heat flux and
temperature destruction in different situations. The energetic thin film heat generation is constant
and no heat is lost on the top of the heat source through either convection or radiation. Physical
properties of the substrate in each case are known for different cases. Furthermore, speed of the
flame has been measured for each case based on the time-of -flight technique.
Numerical approach was used to model the moving heat source with width, ω, on the
composite substrate. Control volume approach was used to balance the heat flux at the interface
in each unit cell. Heat flows from the heat source through the SiO2 and the interface, dissipating
to the silicon substrate.

Temperature Distrbution 100 nm below Heat Source
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Figure 4-11.: Temperature distribution 100 nm below the heat source. Ω for this case was
taken to be 3 µm h is the SiO2 substrate thickness
In figure 4.11, non-dimensional profiles of temperature 100 nm below the heat source are
given for different SiO2 substrate thickness, h. The maximum temperature for all cases is at the
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leading edge of the heat source. As the substrate thickness increases, the temperature profile
become self-similar for h>1000nm and compare well with the analytical solution given in the eq.
(4.10). As h increases, the peak temperature increases. In addition, for lower thicknesses,
temperature reaches ambient temperature earlier in the direction of propagation.

Maximum Temperature on Simple & Composite substrate
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Figure 4-12 : Maximum temperature distributed on simple and
composite Substrates for various thicknesses
Figure 4.12 shows the variation of maximum temperature with substrate thickness. There
appears to be very little difference between a single substrate of Silica and a composite Si-SiO2
substrate. This shows the effectiveness of the composite substrate. As the substrate thickness
increases the maximum temperature increases until about 1µm. Beyond 1µm, the maximum
temperature becomes constant for both single and composite substrates.
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Summary

This chapter deals with the reaction of dense Metastable Intermolecular Composition (MIC).
Energy density of MIC nanofilms is much higher than conventional films. The problem of a
multilayer thin film of Aluminum and Copper oxide has been solved with varying substrate
material and thicknesses. In order to solve this conduction problem, speed of propagation was
experimentally determined using a time of–flight technique. The experiment shows that the
reaction is completely quenched for the silicon layer of less than 200 nm. The speed of reaction
seems to be constant at 40 m/s for silica layers over 1 µm. Different substrate material such as
glass, kapton, and photoresist were used.
The numerical solution shows the temperature profiles become self similar for substrate
thickness beyond 1 µm. Beyond 1 µm, the maximum temperature stays constant for both single
and composite substrates, showing the effectiveness of composite substrates both experimentally
and numerically.
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CHAPTER 5
SUMMARY
Significant progress has been made in understanding the reaction of the dense Metastable
Intermolecular Composition (MIC). This problem has been solved in 3 steps that are tied
together, yet increasing in complexity. For the MIC layer, Aluminum and Copper oxide have
been considered since there are available data in the literature. The goal is to increase the energy
density of MIC compared to conventional materials and analyze the speed of reaction for various
substrates.
However, this is a formidable problem to include the combustion phenomena and obtain
analytical results. Therefore, as a first step, a one-dimensional model was developed for 20 pairs
of a multi-layer of aluminum and copper oxide. This problem was solved using an assumed value
of constant atomic diffusion in Arrhenius’ equation to obtain the velocity of self-propagation.
Using the maximum and minimum measured velocities in a similar configuration, the activation
energy was computed and was found to be significantly different. One of the setbacks is that
multiple values of activation energy can be obtained using this model. Another weakness is that
the speed of propagation is independent of the individual thicknesses of CuO and Al.
Experimental data does not support this theory in the Al/CuO reaction. Thus, while it is possible
to solve multiple MIC layers in the direction of propagation of reaction, the model ignores
diffusion in the lateral direction and therefore, it is difficult to validate this model with
experimental data.
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MIC reaction creates an enormous amount of energy, which causes phase transformation
throughout the reaction. For the purpose of theoretical calculations, as a second step in this thesis,
the scope and size of the process was limited to an adiabatic unit cell of a single layer of
aluminum and copper oxide in an ideal reaction was considered. The physical surface area in this
study is limited to a cross section of a rectangular prism. Total amount of heat and final
temperature of unit cell are calculated based on conservation of mass and energy. Temperature
profiles based on heat generation and phase transformation of reactants have been calculated.
While aluminum and copper oxide are being consumed, they are transformed from solid to liquid.
The process generates copper and alumina in solid, liquid, and gas phases. Numerical solution
shows that 2793±100K is the highest possible temperature for the reaction. This model
confirmed the highest possible temperature during reaction of 2920oC ± 5% obtained in the
literature; however, this model was unable to provide the important flame characteristics.
As a third step in the thesis, a two-dimensional model was developed introducing the flame at
the interface. A black box theory was used so that the problem can be simplified to a moving line
source conduction problem. Controllable environment was created for the multilayer thin film of
aluminum and copper oxide to eliminate the number of effective variables that affect the speed
of propagation. Transformable heat of reaction was used to control the speed of propagation.
Varying the thickness of silica on top a silicon substrate controlled the speed of propagation. In
order to solve this conduction problem, speed of propagation was experimentally determined
using a time-of–flight technique. It was determined from the experiment that the reaction is
completely quenched for the silicon layer of less than 200 nm. The speed of reaction seems to be
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constant at 40 m/s for silica layers over 1 µm. Different substrate material such as glass, kapton,
and photoresist were used.
The numerical solution shows the temperature profiles become self similar for substrate
thickness beyond 1 µm. Beyond 1 µm, the maximum temperature stays constant for both single
and composite substrates, showing the effectiveness of composite substrates both experimentally
and numerically.
Future Work

The two-dimensional problem can be extended to three-dimensions and also to include
thermal transport and atomic diffusion. Black box model can be improved in many different
ways. The physical source can be defined based on chemical reaction and combined in the
current moving heat source model. Exact volumetric heat generation can be applied to the flame
box, and the length of flame defined and measured numerically. Flame characteristics can only
be captured by complex models that take into account reaction kinetics and a number of physical
variables, and these need to be incorporated into realistic and mechanistic future models.
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APPENDIX A
PROPERTIES OF THE MATERIALS
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Table A-1 : Physical Properties of Reactants and Product
Density Melting point
(g/cm3)
(K)
Al
Cu
CuO
Cu2O
Al2O3

2.702
8.933
6.310
6.000
3.965

933
1356
1358
1503
2325

Latent heat (cal/g)

Boiling point (K)

Latent heat of
vaporization
(cal/g)

94.8
32
35.4
93.6
250.6

2723
2793

2720
1210

2073
3273

1130
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Cp (J/ kg .k)

903
385
[14]
[14]
[14]

APPENDIX B
GOVERNING EQUATIONS
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Governing Equation

To define flame propagation, conservation of mass, species and energy are applied in the two
dimensional control volume.
Mass Conservation

The general form for mass conservation is defined as:
∂ρ
+ ∇ ⋅ ( ρ ⋅ v) = 0
∂t

(B.1)

∂ρ
is rate of gain of the mass per unit volume
∂t

∇ ⋅ ( ρ ⋅ v) is net rate of mass flow out per unit volume
For steady flow,

∇ ⋅ ( ρ ⋅ v) = 0

(B.2)

For the axisymmetric system, equation (53) is expanded to
1 ∂
(r.ρ .vr ) + ∂ (ρ .v x ) = 0
r ∂r
∂x

(B.3)

Species Conservation

The general form for mass conservation of species is expressed as
∂ρ .Yi
+ ∇.mi " = mi ' ' '
∂t

(B.4)

∂ρ .Yi
is the rate of gain of mass of species i per unit volume
∂t

∇.mi " is net rate of mass flow of the species i out by diffusion and bulk flow per unit volume
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mi ' ' ' is net rate of mass production of species per unit volume
The mass flux of i, mi is defined by the mass average velocity i, vi as follows:
mi " ≡ ρ .Yi .vi

(B.5)

The sum of all of the individual species mass flux is the mixture mass flux.

∑ m " = ∑ (ρ .Y .v ) = m "

m . " ≡ ρ .V

.

i

i

i

(B.7), (B.6)

The mass average velocity V is:

V =

∑ (Y v )
i

(B.8)

i

This (V) is the velocity known as bulk velocity. The difference between the spices and bulk
velocity is defined as diffusional velocity.

v i , diff ≡ v i − V The diffusion mass flux can be expressed in term of diffusion velocity.
m ." i , diff ≡ ρ .Y i (v i − V

) = ρ .Y i v i , diff

(B.9)

The total species mass flux is the sum of the bulk flow and diffusion contribution.

m i i " = m ." Y i + m ." i , diff

(B.10)

ρ .Y I v i = ρ .Y iV + ρ .Y i v i , diff

(B.11)

Rewriting the general species conservation equation based on mass diffusion:
∂ρ .Yi
+ ∇. ρ .Yi (V + v i ,diff
∂t

[

)] = m ' ' '

(B.12)

i

For the axisymmetric geometry the corresponding conservation for the binary mixture is:

1 ∂
(r.ρ .vr YA ) + 1 ∂ (r.ρ .v x .YA ) − 1 ∂ ⎛⎜ r.ρ .D ∂YA ⎞⎟ = −m A."
r ∂r
r ∂x
r ∂r ⎝
∂r ⎠
Y is the mass fraction
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(B.13)

m is the mass
m’ is mass flow rate
m” is the mass flux
m”’ is mass production rate per unit volume
Energy Conservation

Conservation of energy for laminar premixed flame is simplified by Shvab-Zeldovich [61].
Shvab-Zeldovich energy equation shows total difference between the rate of enthalpy transport
by convection and diffusion is equal to the rate of enthalpy production by chemical reaction.

[

)]

(

(

∇. m. " ∫ c p dT − ρ .D∇ ∫ c p dT = −∑ h 0 f .mi

.'''

)

(B.14)

For the two-dimensional axisymmetric case, the equation is expanded to

(

)

(

)

1 ∂
1 ∂
1 ∂⎛
∂
⎞
0
."
r.ρ .v x ∫ c p dT +
r.ρ .vr ∫ c p dT −
⎜ r.ρ .D ∫ c p dT ⎟ = −∑ h f .m i
r ∂x
r ∂r
r ∂r ⎝
∂r
⎠

(B.15)

Mass flux can be derived based on the speed of flame
m ." = ρ u .S L

(B.16)

Length of the flame can be calculated based on 95-99% of the final temperature
T (δ ) = 95%T f

(B.17)
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